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CaseinThe aim of thisworkwas to evaluate the inﬂuence of laccase and ferulic acid on the characteristics of oil-in-water
emulsions stabilized by sodium caseinate at different pH (3, 5 and 7). Emulsions were prepared by high pressure
homogenization of soybean oil with sodium caseinate solution containing varied concentrations of laccase (0, 1
and 5mg/mL) and ferulic acid (5 and 10mM). Laccase treatment and pH exerted a strong inﬂuence on the prop-
erties with a consequent effect on stability, structure and rheology of emulsions stabilized by Na-caseinate. At
pH 7, O/W emulsions were kinetically stable due to the negative protein charge which enabled electrostatic re-
pulsion between oil droplets resulting in an emulsion with small droplet size, low viscosity, pseudoplasticity
and viscoelastic properties. The laccase treatment led to emulsions showing shear-thinning behavior as a result
of amore structured system. O/W emulsions at pH 5 and 3 showed phase separation due to the proximity to pro-
tein pI, but the laccase treatment improved their stability of emulsions especially at pH 3. At pH 3, the addition of
ferulic acid and laccase produced emulsions with larger droplet size but with narrower droplet size distribution,
increased viscosity, pseudoplasticity and viscoelastic properties (gel-like behavior). Comparing laccase treat-
ments, the combined addition of laccase and ferulic acid generally produced emulsions with lower stability
(pH 5), larger droplet size (pH 3, 5 and 7) and higher pseudoplasticity (pH 5 and 7) than emulsion with only
ferulic acid. The results suggested that the cross-linking of proteins by laccase and ferulic acid improved protein
emulsifying properties by changing functional mechanisms of the protein on emulsion structure and rheology,
showing that sodium caseinate can be successfully used in acid products when treated with laccase.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
A wide range of food products contains oil-in-water emulsions,
e.g., beverages, dressings, soups and sauces. In this case, the small
droplets of lipid are dispersed in an aqueous continuous phase.
Emulsions are thermodynamically unstable systems, once the
droplets tend to break up over time, causing the formation of sep-
arated phases (McClements, 2005). In order to improve the kinetic
stability of an emulsion, stabilizers and emulsiﬁers, such as pro-
teins and polysaccharides, can be employed. These biopolymers
are widely used as safe additives in the formulation of food emul-
sions, generally recognized as safe besides having high nutritional
value (Chen, Remondetto, & Subirade, 2006).
Proteins form a viscoelastic interfacial layer around the oil droplets,
acting as physical barrier against coalescence (Wilde, Mackie, Husband,
Gunning, & Morris, 2004). Moreover, the amphiphilic character allowsthe protein to provide electrostatic and steric repulsive forces against
ﬂocculation of the droplets (Dickinson, 2003; Dickinson, 2011).
The milk proteins are mainly separated in two main groups: ca-
seins (~80%) and whey proteins (~20%). Caseins are composed by
four main molecular components called αs1-, αs2-, β- and κ-caseins
(Walstra, Geurts, Noomen, Jellema, & van Boekel, 1999). In the
milk, they are organized in sub-micelles, which can be linked togeth-
er by calcium phosphate, forming the casein micelles that contain
κ-casein at the surface, preventing their aggregation by steric and
electrostatic repulsion (Walstra, 1999). Sodium caseinate is a salt
produced from dissolution of acid-precipitated casein with NaOH
(Walstra et al., 1999), resulting in the dissociation of the micellar
structure due to the removal of calcium, but maintaining the sub-
micelles (Farrell, Pessen, Brown, & Kumosinski, 1990). This product
is widely known by its emulsiﬁcation and gelation properties
(Dickinson, 1999). Caseins are stable to heat, but they aggregate
strongly on lower acidic pH, due to the isoelectric point (pI) of
their fractions (Parkinson & Dickinson, 2004), which limits their
use as emulsiﬁers.
Table 1
Separation index (% v/v) of emulsions stabilized by Na-CN with ferulic acid (AF) and
laccase (LAC).
Systems pH
3 5 7
Control (only Na-CN) 23.2 36.0 –
10 mM AF 4.0 26.4 –
10 mM AF + 5 mg/mL LAC 4.0 48.0 –
5 mM AF b4.0 25.6 –
5 mM AF + 1 mg/mL LAC 0 52.0 –
181.1 kDa 
82.2 kDa 
115.5 kDa 
64.2 kDa 
48.8 kDa 
37.1 kDa 
25.9 kDa 
19.4 kDa 
1         2         3        4        5        6 
Fig. 1. SDS-PAGE of emulsion composed of sodium caseinate 1% (w/w) at pH 7. (1)Molec-
ular weight marker, (2) control emulsion, (3) emulsion + 10 mM of ferulic acid,
(4) emulsion + 10 mM of ferulic acid + 5 mg/mL of laccase, (5) emulsion + 5 mM of
ferulic acid and (6) emulsion + 5 mM of ferulic acid + 1 mg/mL of laccase.
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varying pH can be improved by crosslinking, which results in increase
of stability of emulsions and enhance of resistance to proteolysis
(Buchert et al., 2010). This process can be obtained by chemical
and/or enzymatic modiﬁcations. The advantage of using the enzy-
matic path instead of chemical modiﬁcations is the higher speciﬁc-
ity of the enzymatic reactions, minimizing the risks of formation of
possible toxic side products (Færgemand, Otte, & Qvist, 1998). Be-
sides of the speciﬁcity of enzymatic reactions, the enzymes are
considered biodegradable catalyst and require mild reaction condi-
tions (Buchert et al., 2010; Couto & Herrera, 2006), avoiding degra-
dation of labile compounds.
Many enzymes, such as tyrosinase, laccase and transglutaminase,
have been used to improve the functional properties of proteins (Cura
et al., 2010; Lantto, Puolanne, Kalkkinen, Buchert, & Autio, 2005; Littoz
& McClements, 2008; Ma, Forssell, Partanen, Buchert, & Boer, 2011).
Laccase is a copper-containing oxidase enzyme that oxidize their sub-
strates by a one-electron removal mechanism leading to the formation
of free-radicals. These free-radicals undergo reactions that lead to poly-
merization. Enzymatic treatment may induce cross-links between pro-
teins both in continuous phase and at interface, protecting oil droplets
against coalescence (Paananen, Ercili-Cura, Saloheimo, Lantto, & Linder,
2013). Laccase can act in a considerable range of substrates such as
diphenols, polyphenols, different substituted phenols, diamines and
aromatic amines (Thurston, 1994). However, proteins such as caseins
are reported to be poor substrates for laccase, which may be overcome
by the use of substances such as ferulic acid (Paananen et al., 2013).
Ferulic acid is a phenolic compound with low toxicity widely used in
food and cosmetic industries (Ou & Kwok, 2004). The use of ferulic
acid as mediator has been reported to enhance the effects of laccase-
catalyzed oxidation of proteins by increasing the accessibility of the
reactive amino acids, such as tyrosine and tryptophan, thus im-
proving cross-linking process (Cura et al., 2009; Mattinen et al.,
2005; Steffensen, Andersen, Degn, & Nielsen, 2008). Ferulic acid
acts as bridging agent in the cross-linking of α-casein, enhancing
the laccase-mediated cross-link of the protein (Selinheimo,
Lampila, Mattinen, & Buchert, 2008).
Thus, the aim of this work was to evaluate the inﬂuence of laccase
and ferulic acid on the characteristics of oil-in-water emulsions stabi-
lized by sodium caseinate. The effects of laccase (1 and 5 mg/mL) and
ferulic acid (5 and 10 mM) concentrations as well as the emulsion pH
(3, 5 and 7) were evaluated.2. Material and methods
2.1. Material
Laccase enzyme (from Trametes versicolor), ferulic acid and sodium
azide were obtained from Sigma Chemical Company (St. Louis, USA).
Laccasewas reported to have 0.51 activity units permg (AU) of enzyme.
Sodium caseinate was prepared from the precipitated casein, obtained
from bovine milk (C7078, Sigma Chemical Company, St. Louis, USA).
This casein is manufactured by adding acid to milk until its isoelectric
point, that is further washed and spray dried (Kinsella & Morr, 1984).
The moisture, protein and ash content of casein were 6.51%, 89.64%
and 0.84%, respectively. In order to prepare the sodium caseinate, the
powder of casein was redissolved in water with the addition of an
appropriate amount of sodium hydroxide to restore the neutrality. Soy-
bean oil (Soya, Bunge Alimentos S.A., Brazil) was purchased from a local
supermarket and the other chemicals used were of analytical grade
(Sigma Chemical Company, St. Louis, USA).
2.2. Solution preparation
Sodium caseinate (Na-CN) stock solution was prepared by dispers-
ing 6% (w/v) casein in deionized water, with gentle magnetic stirring
during 3 h at a maximum temperature of 50 °C. The pH of the solution
was constantly adjusted to 7 using 10 M NaOH.
Laccase solutions were prepared by dispersing the laccase powder
into deionized water, at 1 and 5 mg/mL concentrations. Ferulic acid
(AF) solutions were prepared by dispersing of phenolic compound in
deionized water, with ﬁnal concentration of 5 and 10 mM. Both solu-
tions, separately, were gentle magnetically stirred at room temperature
to ensure complete dissolution of the materials.
2.3. Laccase treatment and emulsions preparation
Initially, the sodium caseinate (Na-CN) stock solution was diluted to
1% (w/v). Sampleswith laccase containing (or not) AFwere prepared by
mixing laccase (1 and 5 mg/mL) and ferulic acid (5 and 10 mM) to the
sodium caseinate solutions at room temperature for 2 h (Cura et al.,
2009). Emulsions prepared only with sodium caseinate were used as
control. All solutions had their pH adjusted with citric acid to obtain
solutions with pH 3, 5 or 7, prior the emulsiﬁcation process.
Oil-in-water (O/W) emulsionswere prepared at 25 °C bymixing the
soybean oil (30% v/v) with the aqueous phase (70% v/v) containing the
sodium caseinate (Na-CN), submitted to the treatment with laccase. To
evaluate the effect of the treatments, a control sample was produced
only with 1% sodium caseinate. Sodium azide (0.02%, w/v) was added
to prevent microbial growth. Firstly, a coarse emulsion was prepared
using a rotor–stator device Ultra Turrax model T18 (IKA, Staufen,
Germany) (18,000 rpm/4 min). Then ﬁne emulsions were produced
by homogenization of coarse emulsions in a two-stage high-pressure
valve homogenizer NS1001L2K-PANDA2K (Niro Soavi S.p.A., Parma,
Italy). The pressure values in the ﬁrst and second stages were ﬁxed at
600 bar and 50 bar, respectively (Perrechil & Cunha, 2010). After prep-
aration, no signiﬁcant variation on pH value was observed. All systems
Fig. 2.Micrographs of emulsions stabilized by sodium caseinate at different pH values and enzymatic treatments. AF: ferulic acid, LAC: laccase.
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rheological analysis.
2.4. Polyacrylamide gel electrophoresis (SDS-PAGE)
The effect of laccase and ferulic acid on the molecular weight proﬁle
of the sodium caseinatewas determined by SDS-PAGE (Laemmli, 1970),
using 12.0% resolving gel and 5.0% stacking gel. The effect of laccase (0, 1Fig. 3. Effect of pH and enzymatic treatments on particle size distribution of emulsions stabilized
laccase, pH: 7.0 (A), 5.0 (B) and 3.0 (C).and 5 mg/mL) and ferulic acid (5 and 10 mM) addition was evaluated
for emulsions containing 1% (w/w) sodium caseinate and produced at
pH 7, once they did not show phase separation. Emulsions stabilized
by 1% (w/w) protein at pH 7were used as control, for comparing the ef-
fect of laccase treatment on themolecularweight proﬁle of the samples.
For electrophoresis, samples were diluted in buffer (0.5 M Tris–HCl,
pH 6.8, containing 2.0% (w/v) SDS, 10% (v/v) glycerol and 0.1% (w/v)
bromophenol blue) in a 1:2 ratio, and boiled for 5 min before theby sodiumcaseinate at different pHs (control) and enzymatic treated. AF: ferulic acid, LAC:
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Fig. 4. Representative ﬂow curves obtained using an up-down-up step program with a
shear rate range between 0 and 300 s−1 of emulsions stabilized by caseinate and 5 mM
of ferulic acid and 1 mg/mL of laccase at different pHs. pH: 3 (A), 5 (B) and 7 (C). Steps:
1st ascendant shearing (♦), descendent shearing (■) and ascendant shearing at steady
state (▲).
Table 2
Surface mean diameters d32 (μm) for stable emulsion and for cream phase of unstable
emulsions at different pHs and enzymatic treatments. AF: ferulic acid, LAC: laccase.
Systems pH
3 5 7
Control (only Na-CN) 6.14 ± 0.72aB 34.17 ± 2.95aC 1.10 ± 0.05bA
10 mM AF 11.79 ± 2.02bB 31.55 ± 1.99aC 0.95 ± 0.01aA
10 mM AF + 5 mg/mL LAC 20.17 ± 2.08cB 32.19 ± 2.18aC 1.32 ± 0.02cA
5 mM AF 13.95 ± 0.44bB 31.97 ± 2.98aC 0.96 ± 0.02aA
5 mM AF + 1 mg/mL LAC 13.47 ± 1.71bB 30.18 ± 3.08aC 0.97 ± 0.06aA
Different superscript letters indicate signiﬁcant difference (p b 0.05). Capital letters
indicate difference in the same line and lower case letters in the same column.
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sis system (Bio-Rad Laboratories, Hercules, USA). After electrophoresis,
the gel was stainedwith Coomassie brilliant blue dissolved inmethanol,
acetic acid andwater (45:10:45 v/v) and diffusion-destained by repeat-
ed washing in a solution containing ethanol, acetic acid and water
(10:5:85 v/v). The molecular weight of the samples was identiﬁed by
comparison with commercial molecular weight markers covering the
19–180 kDa molecular weight range (prestained InvitrogenTM Bench
Marker protein leader, Byoagency International, Jacksonville, USA).
2.5. Emulsion properties
2.5.1. Creaming stability
Immediately after homogenization, aliquots of 25 mL were trans-
ferred to graduated cylinders and sealed with a plastic cap. Emulsions
were evaluated visually by monitoring the formation of separated
phases, during 7 days. The separation index (SI %) of the emulsions
was expressed as SI (%)= (H /H0) × 100, whereH0 represents the initial
height of the emulsion and H the height of transparent aqueous serum
at the bottom of the tubes.
2.5.2. Optical microscopy and droplet size distribution
The microstructure of the emulsions was evaluated after 7 days of
storage using a Carl Zeiss light microscope an Axio Observer Z.1 micro-
scope (Zeiss, Oberkochen, Germany). The samples were poured onto
microscope slides and covered with glass cover slips. The microstruc-
ture of the cream phase and the emulsions without phase separation
was visualized at magniﬁcation of 40× and 100×.
The droplet size distribution of the emulsions was measured using
static light scattering on the Mastersizer 2000 (Malvern Instruments,
Worcestershire, UK), after 7 days of storage. Measurements were per-
formed at room temperature with sample dilution in deionized water,
to a droplet content of approximately 0.005%. The size of oil droplets
was reported as the surface-weighted mean diameter (d32) (Littoz &
McClements, 2008). Each sample was carefully dispersed applying gen-
tle agitation in order to disrupt ﬂocculated emulsions.
2.5.3. Rheology
Rheological measurements of the emulsions stabilized by Na-CN
were carried out at 25 °C using a Physica MCR301 rheometer (Anton
Paar, Graz, Austria) after 7 days of preparation. The cream phase of the
unstable samples and the emulsions without phase separation were
placed into roughed plate–plate geometry (50 mm diameter) to avoid
wall-slip effects, with a 2 mm gap (determined in preliminary tests).
Flow curves were obtained using an up-down-up step program with a
shear rate ranging between 0 and 300 s−1. The results were ﬁtted to
the Power-Law model (Eq. (1)).
σ ¼ k  γ n ð1Þ
where σ is the shear stress (Pa), γ

is the shear rate (s−1), k the consis-
tency index (Pa·sn) and n is the ﬂow index behavior (−).
Mechanical spectra assays were carried out within the linear visco-
elastic range (maximum deformation of 1%) in order to determine the
storage (G′), loss (G″) and complex (G*) moduli over ascending fre-
quency ramp of 0.1–10 Hz.
2.5.4. Statistical analysis
All measurements were performed in triplicate. Signiﬁcant differ-
ences between treatments were determined by the Tukey test using
the software Statistica 7.0 (Statsoft Inc., Tulsa, USA) with conﬁdence
limit of 95%.3. Results and discussion
3.1. Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE analysis was used to evaluate the covalent coupling be-
tween protein–protein, protein–ferulic acid or ferulic acid–ferulic acid at
laccase treatment conditions. The bands referred to β- andαs-casein (be-
tween 25.9 and 37.1 kDa) (O'Regan & Mulvihill, 2009) were observed in
all the emulsions (Fig. 1). Emulsions without laccase showed a higher in-
tensity ofβ- andαs-caseins andhighermolecularweight bands (between
248 A.C.K. Sato et al. / Food Research International 75 (2015) 244–25164.2 and85 kDa). The samples treatedwith ferulic acid and laccase, on the
other hand, showed higher intensity of compounds with intermediary
molecular weights, between 37.1 and 82.2 kDa, with reduction in the in-
tensity of the αs- and β-casein bands. The fading of these bands may be
associated to the formation of aggregates with molecular weight higher
than 200 kDa. Paananen et al. (2013) also observed that the treatment
of β-casein with laccase and ferulic acid led to the formation of high
molecular weight protein bands and reduction of intensity of the β-
casein monomer band.
The mechanism of oxidation using laccase enzyme to form covalent
bonds is not completely elucidated. Ferulic acid is a small molecule that
can easily interact with the laccase or protein substract, improving
cross-linking. Ferulic acid can transfer electrons to protein, which can
be bounded by radical or directly bounded between two residues of ty-
rosine of protein (Ma et al., 2011). According to Steffensen et al. (2008),
αs-casein was not fragmented or covalently bonded when treated only
with laccase, while the addition of ferulic acid leads to aggregates
formation with molecular weight higher than 206 kDa.
3.2. Emulsion creaming stability
All emulsions at pH 7 were kinetically stable during 7 days of stor-
age, independent of laccase and ferulic acid concentration. On the
other hand, all emulsions produced at pH 5 showed phase separation.
At pH 5, the emulsion stabilized only with sodium caseinate showed
36% of SI, while the presence of only ferulic acid decreased emulsions
SI to 26% and laccase presence increased emulsions SI to values close
to 50%. In the latter, emulsions prepared with the Na-caseinate solution
previously treated with laccase showed a gel network and a more ﬂoc-
culated appearance compared to emulsions stabilized solelywith ferulic
acid. The reduction of the pH to values close to the protein pI can induce
hydrophobic interactions between proteins due to partial neutralization
of net negative charge of casein with a consequent decrease of intermo-
lecular electrostatic repulsion (Roefs & Van Vliet, 1990). The change of0
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Fig. 5. Flow curves at steady state of emulsions stabilized by sodium caseinatethe protein conformation at this pH together with laccase addition
probably strengthened self-assembly of proteins, reinforcing the gel
network, which resulted in an increase of water release.
A further decrease on pH, at pH 3, the presence of laccase and ferulic
acid on the sodium caseinate solution reduced emulsion phase separa-
tion (as compared to pH 5) to only 4% of SI when 10 mM of ferulic acid
was used, and lower than 4% of SI with 5 mM of ferulic acid (Table 1).
Although the formation of a gel networkwas observed at lowpHvalues,
laccase treatment showed a positive effect on emulsion stability. Proba-
bly, laccase was capable to promote caseinate crosslinking using the
ferulic acid mediator, prior to emulsiﬁcation process, leading to an
increase in emulsifying properties of the protein at this pH condition
due to the electrostatic repulsion between droplets caused by the net
positive charge of caseinate.
The use of laccase to crosslinking biopolymers and improve their
functional properties was evaluated by others authors. Zeeb, Gibis,
Fischer, and Weiss (2012) observed that laccase enzyme promoted an
enzymatic crosslinking of adsorbed sugar beet pectin in multilayered
emulsions, improving stability of emulsions over a broad pH range.
Chen, McClements, Gray, and Decker (2010) observed an increase of
stability of soybean oil body by cross-linking of beet pectin adsorbed
onto the surfaces of oil bodies with laccase.
3.3. Microstructure and droplet size distribution
The optical microscopy evaluation (Fig. 2) showed that the micro-
structure of emulsions exhibited different sizes of droplets, indicating
the occurrence of ﬂocculation especially at acidic pH. The droplets size
variation wasmore pronounced in emulsions stabilized only with sodi-
um caseinate, presenting a wider droplet size distribution (larger span)
at pH 3 and 5 (Fig. 3).
At pH 7, emulsions showed a more homogeneous microstructure
(Fig. 2) and smaller droplets, with surface mean diameters (d32) be-
tween 0.95 and 1.32 μm (Table 2). Even though emulsion containing0
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at different pHs and enzymatic treatments. AF: ferulic acid, LAC: laccase.
Table 3
Rheological behavior of emulsions stabilizedby sodiumcaseinate (1%w/w) at different pH
and enzymatic treatments. AF: ferulic acid, LAC: laccase. n: index behavior. k: consistency
index and η100: apparent viscosity at 100 s−1.
pH Treatments n k (Pa·sn) η100 (mPa·s)
7 Control (only Na-CN) 1.0 0.003 3.0
10 mM AF 0.94a⁎ 0.0040a⁎ 3.0a
10 mM AF + 5 mg/mL LAC 0.74b⁎ 0.0120b⁎ 3.5a⁎
5 mM AF 0.92a⁎ 0.0047a⁎ 3.2a
5 mM AF + 1 mg/mL LAC 0.77b⁎ 0.0127b⁎ 4.5b⁎
5 Control (only Na-CN) 1.28 0.08 272.6
10 mM AF 0.44a⁎ 2.97a⁎ 202.3ab
10 mM AF + 5 mg/mL LAC 0.25b⁎ 5.54a⁎ 174.8a⁎
5 mM AF 0.40ab⁎ 4.32a⁎ 272.3b
5 mM AF + 1 mg/mL LAC 0.33ab⁎ 3.57a⁎ 159.3a⁎
3 Control (only Na-CN) 0.28 2.95 110.0
10 mM AF 0.67a⁎ 1.07a⁎ 228.6a⁎
10 mM AF + 5 mg/mL LAC 0.71ab⁎ 0.87a⁎ 223.1a⁎
5 mM AF 0.68ab⁎ 1.07a⁎ 252.7ab⁎
5 mM AF + 1 mg/mL LAC 0.75b⁎ 1.05a⁎ 323.5b⁎
Different superscript letters indicate signiﬁcant difference (p b 0.05) in the same column
at each pH.
⁎ Indicates signiﬁcant difference (p b 0.05) in comparison to Control emulsion.
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separation, a larger d32 (Table 2) was observed as compared to other
emulsions at pH 7, which was attributed to its bimodal droplet size dis-
tribution, with a second peak around 6 μm (Fig. 3A), similar to the one
observed for the control emulsion. However the second peak in control
emulsion could be associatedwith droplets coalescence while the treat-
ed emulsion presented aggregates formation (Fig. 2). The other emul-
sion prepared with the Na-caseinate previously treated with ferulic
acid and laccase, on the other hand, showed a tendency in reducing
the 6 μm peak, reﬂecting the reduced droplet aggregation observed in
Fig. 2. Such results indicate that the concentration of each compound,
as well as their stoichiometric ratio, lead to distinct characteristics on
the emulsions properties.100
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Fig. 6. Viscoelastic behavior of emulsions stabilized by sodium caseinate atEmulsions at pH 5 (≈ pI of casein) exhibited the formation of distin-
guished structures due to the formation of a gel network (Fig. 2). The
mean diameter d32 of the emulsions increased when the pH was re-
duced from 7 to 5 (Table 2), and extensive aggregation between the
droplets was observed (Fig. 2). This can be attributed to a decrease in
the net charge on the oil droplets when the pH was lowered towards
pI (Jourdain, Leser, Schmitt, Michel, & Dickinson, 2008), which can
also affect the enzyme activity. The evaluation of surface mean diame-
ters of emulsions (Table 2) did not reveal signiﬁcant difference
(p N 0.05) between mean droplet size of any emulsion with 1% (w/w)
of Na-CN at pH 5, showing d32 between 30.18 and 34.17 μm. However,
control emulsion and emulsions prepared with Na-caseinate solution
treated with only ferulic acid exhibited a slightly lower polidyspersity
with a main peak at lower values than emulsions with laccase
(Fig. 3B), which is associated to their higher kinetic stability at this pH
(Table 1). The wider peak observed for the laccase treated emulsion,
on the other hand, can be related to the strengthening on the protein
network onto the droplets interface, resulting in larger aggregates
which also resulted in higher separation index (Table 1), as previously
observed.
At pH 3, pH below casein pI, a weak network still can be observed. In
this case, the predominant positive charge on the surface was not
enough to prevent its aggregation (Fig. 2), resulting in a polydisperse
emulsion (Fig. 3C) with larger mean droplet size than emulsions at
pH 7 (Table 2). The emulsions with ferulic acid with or without laccase
showed similar droplet size distribution, while the control emulsion
showed a broader distribution but displaced towards to smaller drop-
lets size (Fig. 3 and Table 2). Despite the larger oil droplets, the narrower
droplet size distribution of laccase treated emulsions resulted in a
higher kinetic stability, which can be associated with changes in the
structure of sodium caseinate promoted by the action of the laccase
and ferulic acid.
As observed in this work, emulsion composed of protein (vanillic
acid modiﬁed WPI) and laccase also showed polydisperse droplet size
distribution with some secondary peaks and a slight increase in mean
droplet size when compared to emulsions stabilized only by protein10
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different pHs and enzymatic treatments. AF: ferulic acid, LAC: laccase.
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to the formation of a thicker interfacial layer due to modiﬁcations in ca-
seinate structure caused by cross-linking of protein onto interface (Chen
et al., 2010).
3.4. Rheology
Fig. 4 shows the ﬂow curves obtained for the emulsions stabilized by
sodium caseinate, 5 mMof ferulic acid and 1mg/mL of laccase at differ-
ent pH values. The transient behavior is representative of all samples,
and shows that emulsions at pH 3 and 5 showed a signiﬁcant reduction
of apparent viscosity after the 1st ascending step, suggesting a shearing
time dependent behavior. At acidic pH values, the emulsions showed a
gel structure which was disrupted under shear along the 1st ascending
step. Overlapping of the descending and 2nd ascending steps was
observed, indicating that the thixotropy was completely eliminated
after the initial shear. Distinct behavior was observed for emulsions
with laccase at pH 7, which showed a slight increase of apparent viscos-
ity with shear time (anti-thixotropic behavior) that may be associated
to droplets aggregation under shear (McClements, 2005).
Rheological behavior of the systems at steady state is presented in
Fig. 5 and the ﬁtted parameters are showed in Table 3. Emulsions at
pH 7 showed lower apparent viscosity (η100) and consistency index
(k) and higher ﬂow behavior index (n), since they showed smaller
droplet size and non-ﬂoculated samples due to their pH higher than
casein pI.
The control emulsion at pH 7 showed a Newtonian behavior,
while the control emulsion at pH 5 showed a shear thickening be-
havior. In both cases, the modiﬁcation of the rheological behavior
to shear-thinning with the presence of laccase and/or ferulic acid
was observed. Shear thinning behavior was more pronounced
when laccase was present, with considerable decrease in the ﬂow
index behavior of emulsions at pHs 5 and 7. Moreover, the presence
of laccase increased consistency index and apparent viscosity at
pH 7 while the presence of only ferulic acid resulted only in small
changes in emulsion rheological parameters, with no signiﬁcant
difference (p b 0.05) in viscosity at 100 s−1, conﬁrming that laccase
promoted crosslinking of protein, changing the structure and rhe-
ological behavior of the emulsions. According to Steffensen et al.
(2008), rheological behavior of emulsions can be modiﬁed by the
interaction between protein and laccase by changes in the interfa-
cial tension and hydrophobicity of the protein.
On the other hand, at pH 3, the control emulsion showed a more
pronounced pseudoplastic behavior in comparison with the emul-
sions treated with laccase and/or ferulic acid, which showed lower
pseudoplasticity and higher viscosity. Among the treated emulsions,
most of them showed similar rheological parameters, except the
sample treated with lower concentration of ferulic acid and laccase,
which showed a higher viscosity. The increase on viscosity increased
the emulsion kinetic stability, which could be associated to the lack
of phase separation observed for this sample.
Oscillatory behavior of emulsions is shown in Fig. 6. All emulsions at
pH 7 showed the lowest complexmodulus (G*), with G* values depend-
ing on the frequency. This lower viscoelastic property at pH 7 is in accor-
dance with their lower viscosity. Thus, the kinetic stability of emulsions
at pH 7 could be attributed to the electrostatic repulsion between drop-
lets (Fig. 3 and Table 2).
On the other hand, viscoelastic properties increased with pH reduc-
tion, with highest values at pH 3. Emulsions at pH 3 and 5 showed
viscoelastic properties less dependent of frequency as compared to
pH 7 and a gel-like behavior, with G′ higher than G″ in all frequency
range evaluated (data not shown). The highly structured systems
observed at acidic pH are in accordance with their visual appearance
of a gel network, higher viscosity and larger droplet size. It should be
noticed that the network formed at pH 3 and 5 resulted in samples
with different characteristics: while higher syneresis (water expulsion)associated to a more disorganized network was observed at pH 5, the
network formed at pH 3 resulted in a higher stability of the produced
emulsion.
Evaluating the effect of the treatments, G* values increased with
ferulic acid and/or laccase addition at all pHs, showing higher rigidity
than control emulsion, which can explain the higher kinetic stability
of the samples with laccase treatments at pH 3, despite their larger
droplet size. At pH 7, emulsions with ferulic acid and laccase showed
lower G* values than emulsions with only ferulic acid.
4. Conclusions
Stabilizingmechanisms of emulsions stabilized by sodium caseinate
have been studied at different pH conditions (below, above and on the
isoelectric point). Laccase treatment and pH showed a strong inﬂuence
on emulsion stability, structure and rheology. While emulsions pro-
duced at pH 7 were kinetically stable, emulsions at pH 5 and 3 showed
phase separation due to their proximity to protein pI. In theses cases,
the laccase treatment improved the stability of emulsions at acidic pH.
The addition of ferulic acid and laccase on emulsions at pH 3 produced
systemswith larger droplet size butwithnarrowerdroplet size distribu-
tion, increased emulsion viscosity, pseudoplasticity and viscoelastic
properties (gel-like behavior). At pH 5, higher phase separation was
observed, which was attributed to the formation of a stronger disor-
dered protein network. The results suggest that the cross-linking of pro-
teins by using laccase and ferulic acid improved protein emulsifying
properties by changing functional mechanisms of the protein on emul-
sion structure and rheology, showing that sodium caseinate can be
successfully used in acidic products when treated with laccase.
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